Abstract A human-impacted watershed was monitored during the dry summer seasons in 2002 and 2003 to investigate the impact of providing access to sewer mains to local village residences. Faecal coliform concentrations were monitored at select sites along the 30-mile stretch of creek, together with faecal streptococci, enterococci and total coliforms. Analysis of the results found that levels of faecal coliforms were inadequate at identifying significant known influxes of human and animal sewage established by sanitary survey. However, the bacterial ratio of atypical colonies to total coliform colonies (AC/TC), obtained from the total coliform membrane filter assay on m-Endo media, correctly indexed human faecal impact of inadequately sewered villages located along the creek. In addition, the AC/TC ratio correctly classified the predominant source of faecal runoff in the creek headwaters as agricultural, and indicated when aged agricultural faecal material was introduced by tributaries. An approach for watershed management that uses the AC/TC ratio in addition to levels of bacteria is proposed.
Introduction
Kentucky has many watersheds impacted by human activity and exceeding standard levels of faecal indicators. There has been a move by the state to implement remediation on the most impacted watersheds. The TMDL (total maximum daily load) protocol implemented by the USEPA requires monitoring of impaired waterways, and modelling results can be used to target remediation of significant point and non-point sources of pollution. Currently, the potential pathogen TMDL protocol relies heavily on concentrations of faecal coliforms (FC) that can lead to inaccurate selection of remediation sites. An approach for watershed quality management using the AC/TC ratio and FC levels, or other indicators such as E. coli, has been suggested based upon data from other watersheds in Kentucky (Neiman and Brion, 2003) . The AC/TC ratio uses the relationships between anthropogenic and endogenous, nutrient-linked bacteria to indicate both age and source of faecal contamination (Brion and Mao, 2000; Brion and Lingireddy, 2003) . Combining the AC/TC ratio with pathogen indicator levels, one can estimate source, age, and loading of faecal contamination: information essential to control faecally associated health risks in surface waters.
This case study focused on a watershed known to be directly impacted by human wastes from small villages and scattered housing along a creek that had been selected for remediation by installation of a forced-main sewer line. Differences in bacterial concentrations and ratios were investigated as means to (a) pinpoint pollution sources and (b) judge the health of the creek. In particular, the effectiveness of the AC/TC ratio to index sources of pollution, as well as to indicate levels of control for the watershed, was investigated.
Materials and methods
The Eagle Creek watershed is located in northern Kentucky close to Cincinnati, Ohio. The predominant land use is agriculture with (a) cattle grazing on hillsides, (b) a few concentrated animal feed lots and (c) limited cropland in the flood plain. The project area started at the confluence of the creek with the Kentucky River and extended approximately 30 stream miles upstream into the watershed. Water took about 3 d to complete a journey from the farthest upstream site to the confluence. Six sites along Eagle creek and six tributaries to the creek were selected for sampling. Site 7 was farthest upstream in a mixed forest and pasture region, while Site 1 was furthest downstream near the confluence of Eagle Creek and the Kentucky River.
There were four small villages and some scattered housing in the watershed located upstream of four sampling sites (Sites 1, 3, 4 and 5) (Figure 1 ). The villages were inadequately sewered for the duration of the 2002 summer sampling event (straight-pipes and insufficient septic systems). This fact was established by intensive sanitary survey of the watershed and reports from the towns' public works personnel. By November 2002, a main sewer line had been put into service along Eagle Creek, tapping in over 60% of the houses in the villages and decreasing the input of untreated domestic sewage and storm overflow into the creek. Sampling was repeated in the summer of 2003 at the same sites to evaluate the change in water quality caused by the sewer installment.
Bacterial assays were performed on each sample by standard membrane filtration. Faecal coliforms (FC) were assayed on m-FC broth media, while total coliforms (TC) were assayed on m-Endo broth. After incubation at appropriate temperatures and times, colonies were counted. Statistical analysis of data was done using a commercial program (Sigmastat). Geometric means were calculated for each site and all microbial values were log-transformed before analysis. Only data from non-rain-event-impacted, or dry days, was used for analysis to obtain an idea of the baseline conditions for the creek under normal flows.
Results

AC/TC as an index of human sewage -2002 sampling data
Although small tributaries showed the highest FC concentrations (329 CFU/100 mL), small flows limited their total impact upon the main channel of Eagle Creek, as indicated by a steady FC concentration from the furthest upstream reaches (101 CFU/100 mL) of the creek to the discharge point into the Kentucky River (149 CFU/100 mL). Although there was a trend of increasing values as one moved downstream, statistical analysis (ANOVA) of log-transformed values showed the concentrations of FC and TC to be statistically indistinguishable along the main creek channel between all sampling sites. Another study had shown that enterococci (EC) and faecal streptococci (FS) values were indistinguishable as well (data not shown). In other words, analysis of the creek showed the watershed to be equally impacted by non-point and point sources of faecal pollution all along its length. No single area or site showed the known impact of inadequately sewered villages inputting human sewage directly into the creek. The geometric means for the main creek channel sites can be seen in Table 1 .
It was known that the AC/TC ratio (a) decreased when fresh faecal material was put into water, (b) would increase with time and (c) that certain classifications of impacted waters had statistically different ratios (Brion and Lingireddy, 2003) . In contrast to FC levels, monitoring the AC/TC ratio along the creek indexed areas receiving human pollution (as seen by decreases as the creek passed through towns) (Figure 1 ). AC/TC ratio values at sampling site 7 (16) indicated aged flowing agricultural runoff as previously classified (Brion and Mao, 2000; Brion and Lingireddy, 2003) . This finding was supported by the absence of the human-linked faecal sterol epicoprostanol at Site 7. The AC/TC ratio then fluctuated over the remaining downstream sites but ended up at a value <10, indicative of the input of human sewage into a primarily agriculturally impacted creek. The AC/TC ratio dropped after each unsewered village indexing additional inputs of fresh human faecal material with depressed AC/TC values, a finding backed by the presence of faecal sterols at all sites from 5 to 1. The average AC/TC values for the downstream confluence Site 1 were statistically different from the headwater Site 7 (9 and 17 respectively). This statistical difference in AC/TC ratios was in stark contrast to the lack of difference found for the bacterial indicators (FC, TC, EC, and FS).
AC/TC as an index of human sewage -2003 sampling data
Remediation efforts took effect before this round of summer sampling. A forced main went on-line November 2002 and people tapped into it, eliminating their input of human sewage into Eagle Creek. No animal manure remediation projects were undertaken, so improvements in the average water quality were thought to be due to this large remediation project. The sewer line eliminated direct and combined sewer overflows in the four villages shown in Figure 1 . However, not all people had tapped into the main at the time of study, and the variation in AC/TC ratios reflected this where they dropped between sites. Faecal loading at Site 7 was mildly increased as compared to 2002. This was thought to be due to the wetter summer of 2003 as compared to 2002. The previous summer had long periods (weeks) of no precipitation, whereas the summer of 2003 had rainfall nearly every week, providing fresh faecal inputs from scour and being reflected in a slightly depressed AC/TC ratio (16.8 for 2002 vs 14 for 2003) and an increase in FC (Table 1) . Overall, FC levels fell along the entire length of the creek, showing the effectiveness of the remediation, although this trend was not statistically significant. Indeed, t-tests did not indicate that the FC levels in this year were significantly different from the last (p <0.01). As for the year before, an examination of the FC concentrations along the creek did not index any particular source as a cause for the elevated FC levels.
In contrast, changes in the AC/TC ratio still showed the impact of the remainder of homes that remain inadequately sewered. Downstream from site 7, AC/TC ratios decreased to site 5 and then increased to site 4 (Figure 1) . The decrease between sites 7 and 5 was thought to be due to the homes that remain unsewered. Faecal sterols specific for human wastes found at site 5 supported this hypothesis (data not shown). The increase in AC/TC ratios from site 5 to 4 was primarily due to the input of aged agricultural wastes from two tributaries. The aged wastes had higher AC/TC ratios and lifted the overall creek ratio. Two towns that still had unsewered homes between sites 4 and 3 contributed enough human faecal loading to lower the AC/TC ratio from 31 to 17. However, the loadings were not large enough to affect FC concentrations at site 3. The AC/TC ratio rebounded to 25 at site 2, due to aged agricultural inputs, but again decreased to 14 at site 1 due to fresh faecal inputs from a trailer park that had not tapped into the sewer main and a group of single-family residences located upstream of site 1. Once again, the FC concentrations did not show these small but significant fresh sewage inputs with concurrent increased average concentrations. The AC/TC ratio fulfilled an index function in this watershed, pointing to hot spots of human faecal contamination.
AC/TC ratios -a new tool for watershed quality management
What was very clear (by examining Figure 1) was that the AC/TC ratio for the entire creek was higher than last year, indicating less and/or older faecal material in the water. This showed that the remediation had been successful in removing significant sources of potential pathogens from the creek. However, the AC/TC ratio could be used as more than an index to point out hot sources; it could be used as a control value for watershed management. To further develop the AC/TC ratio as an effective watershed management tool, a relationship between AC/TC and a water-quality standard, like the recreational contact limit for FC, can be established. The 2002 FC concentrations for the main channel sites were log-transformed and plotted against their respective AC/TC values (Figure 2 ). There were 37 data points of 90 (41%) that peaked above FC levels of 200 CFU/100 mL. Yet, only five of these data points had AC/TC values >20 (4%). This suggested that when the AC/TC value was >20 the FC rule was not routinely violated. A blended standard could be created. This type of relationship between peak FC levels and AC/TC ratios had been noted in a different watershed (Neiman and Brion, 2003) and was consistent with the impact of aging faecally contaminated waters (Brion and Lingireddy, 2003) . Although more research needs to be done to see what the relationship is in other waters, the approach appeared to be worthy of further investigation.
Conclusions
The AC/TC ratio was useful as a human faecal pollution index. When used in concert with other bacterial quality measures, the AC/TC ratio was useful as part of an indicator system for assessing, controlling, and improving watershed quality.
